Embryonic stem cells derived from nuclear transfer embryos (ntESCs) are particularly valuable for regenerative medicine, as they are a patient-specific and histocompatible cell source for the treatment of varying diseases. However, currently, little is known about their cellular and molecular profile. In the present study, in a mouse model different donor cell-derived ntESCs from various genetic backgrounds were compared with reference ESCs and analyzed comprehensively at the cellular level. A number of pluripotency marker genes were compared by flow cytometry and immunocytochemistry analysis. Significant differences at the protein level were observed for POU5F1, SOX2, FGF4, NANOG, and SSEA-1. However, such differences had no effect on in vitro cell differentiation and cell fate: derivatives of the three germ layers were detected in all ntESC lines. The neural and cardiac in vitro differentiation revealed minor differences between the cell lines, both at the mRNA and protein level. Karyotype analyses and cell growth studies did not reveal any significant variations. Despite some differences observed, the present study revealed that ntESC lines had similar differentiation competences compared to other ESCs. The results indicate that the observed differences may be related to the genotype rather than to the nuclear transfer technology.
Introduction

D
erivation of embryonic stem cell (ESC) lines from nuclear transfer (NT) embryos is an advantageous method for production of histocompatible cells/tissue, which could be used for the treatment of numerous human diseases. Currently, human somatic cell nuclear transfer (hSCNT) as a step in the derivation of autologous ESCs for research and clinical treatment remains subject to ethical debate. Incredibly, the milestone in producing hSCNT blastocysts has already been achieved (Wun and Dittman, 2008) , and very recently NT-derived ESCs established (Noggle et al., 2011) . There are great expectations for new and promising methods that avoid the process of NT, such as induced pluripotent stem cells (iPS) derived from somatic cell cultures (Okita et al., 2007; Park et al., 2008; Takahashi et al., 2007; Wernig et al., 2007) . A number of advantages of these cells include easy and simple isolation, a wider donor cell range, and the ablation of ethical concerns over embryo sacrifice (in case of human iPS lines) (Hipp and Atala, 2008; Kim et al., 2009; Nishikawa et al. 2008) . However, recent publications have pointed out some current limitations of the iPS technology. Lanza and colleagues described that although the capacity of human iPS cells to differentiate into a variety of cell types was almost the same as that of human ESCs, cells differentiated from iPS cells exhibited significantly increased apoptosis, severely limited growth and expansion capability compared to their human ESC derivatives (Feng et al., 2010) . In addition, reactivation of transgenes such as c-Myc has led to early death and tumor formation in chimeric mice, which raises further safety concerns over lines generated from this oncogene Okita et al., 2008; Wernig et al., 2007) . However, using modified reprogramming approaches, for example, the exclusion of c-Myc, and viral vector-free or genome integration-free induction of reprogramming, these may reduce the tumor formation in iPS-derived chimeric mice (Kaji et al., 2009; Nakagawa et al., 2008; Okita et al., 2008) . However, a recent report shown immunogenicity of iPSCs compared to ESCs (Zhao et al., 2011) . These results indicate a need for further in-depth studies before safe clinical use of iPS-derived cells can be achieved and further investigations using nuclear transfer embryonic stem cells (ntESCs) are still very relevant.
Several studies have proven that it is feasible to establish ESCs from NT embryos of mice (Kawase et al., 2000; Munsie et al., 2000) , primates (Byrne et al., 2007) , bovine (Cibelli et al., 1998; Wang et al., 2005) , rabbit (Fang et al., 2006) , and recently from porcine (Vassiliev et al., 2011) and human (Noggle et al., 2011) , by using different nuclear donor cells. However, the number of nuclear donor cell types used for derivation of ntESCs is lower than the number of cell types used in NT for production of live offspring (Wakayama et al., 2008a) . So far, mouse ntESCs have been established from embryos cloned from freshly isolated cells, for example, cumulus cells (Munsie et al., 2000) , tail tip fibroblasts (Wakayama et al., 2001) , fetal neuronal cells (Kawase et al., 2000) , or tooth pulp cells (Gurer et al., 2009) , as well as from cultured cells like ESCs (Wakayama et al., 2001 (Wakayama et al., , 2005a , testicular Sertoli cells (Wakayama et al., 2005b) or mouse embryonal carcinoma (EC) cell lines (Blelloch et al., 2006) . Furthermore, ntESCs have been used as nuclei donor cells in a second round of NT, that is, serial NT, although, this did not significantly improve the efficiency of live offspring production, compared to somatic cells from the same individual (Wakayama et al., 2005b) . Surprisingly, generation of ntESCs has been achieved by using mouse tissues frozen without any cryoprotectant for different time periods as donor cell source. These ntESCs were able to rescue the nuclear genome of the tissue donor through ntESC chimeras (Li and Mombaerts, 2008) , or serial NT to produce healthy cloned mice (Wakayama et al., 2008b) . Recently, iPS cells were used as nuclear donors to produce cloned offspring, where the efficiency was similar to that of using ESCs derived via normal fertilization (Kou et al., 2010) . Although, the production of cloned embryos, ntESCs, or cloned offspring by the aforementioned experiments were successful, most studies revealed that this procedure is highly variable according to both the epigenetic and genetic status of the original genomes (Inoue et al., 2007; Oback and Wells, 2007; Wakayama, 2007) . The success rate for producing live offspring by cloning is highly affected by the mouse genotype: in particular the hybrid stains (e.g., B6D2F1) and 129SV have been the most amenable to reprogramming. However, new protocols (such as using histone deacetylase inhibitor, trichostatin A (TSA) treatment) have shown that inbreed (e.g., ICR) strains and other ''nonpermissive'' strains (C57Bl/6 or C3H/He) can be used for cloning with comparable success to hybrid strains (Kishigami et al., 2006; Wakayama, 2007) .
Murine ntESC lines derived from different donor cells have been shown to express pluripotent stem cell markers and are capable of forming simple embryoid bodies (EBs) in suspension culture (Zhao et al., 2007) . These ntESC are able to differentiated into neural or myogenic cells (Munsie et al., 2000) ; moreover, insulin-producing cells were also generated in vitro ( Jiang et al., 2008) . Previous studies have reported that ntESCs possess the same characteristics for self-renewal and differentiation as ESCs derived from natural (i.e., fertilized) blastocysts. These cells have the ability to differentiate into embryonic tissues in vivo and contribute to the germ line (Kawase et al., 2000; Wakayama et al., 2001; Zhao et al., 2007) . They have been shown to rescue degenerative phenotypes, for example, the differentiated dopaminergic neurons from ntESCs have improved symptoms in Parkinsonian mice (Barberi et al., 2003) .
Although several articles described the possibility of ntESC establishment and examined thoroughly the potential of these cell lines (for review, see Yang et al., 2007) , only a few articles compared them comprehensively with fertilized embryo-derived ESCs, both at the biological and molecular level (Brambrink et al., 2006; Fan et al., 2008; Wakayama et al., 2006) . Furthermore, no studies are available that compares different nuclear transfer method derived ntESCs.
Herein, we focused on the comprehensive evaluation of ntESCs derived from different donor cell types. We evaluated if any critical factors or differences could be detected between ntESCs and their ESC counterparts, and whether any differences could be detected between cell lines of the same nuclear donor origin. In the first part of the present study, we performed flow cytometry and immunocytochemistry analysis of pluripotency marker proteins to compare ESC lines derived from NT and control embryos. Cell lines were differentiated in vitro through EBs both with and without induction. Neural and cardiac lineages (as induced in vitro differentiation) were also analysed. Cell growth and karyotype of cell lines were also compared.
Materials and Methods
Materials for embryo culture and manipulation, unless specified otherwise, were purchased from Sigma-Aldrich Chem. Inc. (St. Louis, MO, USA; http://www.sigmaaldrich .com). All other materials, unless specified otherwise, were purchased from Invitrogen (Carlsbad, CA, USA; http:// www.invitrogen.com).
Nuclear transfer and ESC establishment
The animal experiments were established in full compliance with European and Hungarian laws and regulations, and were approved by the Animal Experimentation Committee of the Agricultural Biotechnology Center.
Nuclear transfer was done by following the protocol of Ribas et al. (2005) . The NT and control ESCs were established and cultured using the standard protocols published by Nagy et al. (2003) . Further details of ntESCs used in this study are published previously (Kobolak et al., 2010) . The mouse HM1 ESC (Selfridge et al., 1992) at passage 19 was kindly provided by Dr. Jim McWhir (Roslin Institute, Roslin, UK). The attributes of cell lines used in this study are summarized in Table 1 .
Immunocytochemistry, flow cytometry (FACS), and karyotyping
Samples were fixed in 4% paraformaldehyde (PFA) fixative for 15 min, followed by three-times washing steps in CELLULAR CHARACTERIZATION OF ntESCsphosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) and 0.1% Triton X-100 for 10 min. For blocking, washing solution containing 10% fetal bovin serum (FBS) was used for 1 h. Primary antibodies were incubated overnight at 4°C in the indicated dilution listed in Supplementary Table S1 (see online supplementary data at www/ liebertonline.com/cell). Samples were incubated at room temperature (RT) with the secondary antibody (see details in Supplementary Table S1 ) for 1 h on the following day. In the case of double or triple staining, the second or third primary antibody was incubated after the first one, whereas secondary antibodies were applied at the same time in a mixture. Samples were mounted with Vectashield-DAPI mounting media (Vector Laboratories, Burlingame, CA, USA; http:// www.vectorlabs.com). The immunostainings were visualized with an AxioObserver Z.1 inverse fluorescent microscope and ApoTome slider system and AxioCam MRm camera system (Carl Zeiss GmbH, Germany; http:// www.zeiss.de). Images were processed with AxioCam MRm own software, AxioVision 4.8, by using the multidimensional acquisition option.
For flow cytometry, the cells were pelleted and resuspended after the secondary labeling in 1 mL ice-cold PBS, and analyzed within 12 h, with FACS-CALIBUR (Becton Dickinson, Franklin Lakes, NJ, USA; http://www.bd.com). Three biological replicates for each sample (50,000 cells per replicate) were analyzed and the percentage (mean -SEM) of positive cells was calculated.
Alkaline phosphatase (ALP) staining and chromosome preparation was made as described by Nagy (2003) . For analyzing euploidy, 200 metaphase nuclei were counted after DAPI staining for each cell line. Karyotype analyses were performed with FISH fluorescent-labeled StarFISH Mouse Chromosome-Specific Probes (mX-Cy3; mY-FITC; Cambio Ltd., Cambridge, UK; http://www.cambio.co.uk). Microscopy of slides was performed using an Olympus AH-2 photomicroscope equipped with Quips XL Genetics Workstation system including a Photometrics KAF 1400-G2 CCD camera (Abbott Laboratories, Abbott Park, IL, USA; http:// www.abbottmolecular.com).
Colony-forming assay
Single-cell suspensions of cells were plated on gelatinized 10-cm gridded tissue culture dishes (Greiner Bio-One GmbH, Frickenhausen, Germany; http://www.greinerbioone.com) using 5 · 10 3 cell density to determine ESCs colony-forming unit (CFU) (Freshney, 2000) . Colonies were microscopically enumerated after 4 days of culture. Before calculating the CFU values, plates were stained for ALP activity, and the numbers of colonies that were mostly positive, mixed, and unstained colonies was determined. A colony with greater than 90% staining was considered as ''ALP + '' (undifferentiated), 20-90% was called ''ALP + mixed,'' and less than 20% called ''ALP -'' (differentiated). Three independent experiments were performed with four parallel replicates. The colony-forming efficiency percentage was calculated using the formula of colony forming efficiency (%) = (number of ALP-positive colonies/number of cells seeded) · 100.
Growth efficiency
Cells were dispersed to single-cell suspension using 0.25% trypsin-EDTA, counted using a hemocytometer, and plated on mitomycin-C inactivated primary mouse embryonic fibroblast (MEF) covered six-well plates (Greiner Bio-One GmbH) at 10 5 cell density/per plate. Each trial was plated in duplicate. Population doubling times (PDT) were calculated after trypsinization and haemocytometer counting performed every 12 h over a 72-h culture period by using the online software of Doubling Time-Several Time Points calculator (http://www.doubling-time.com).
In vitro differentiation
For in vitro differentiation of ESCs, the hanging drop method (Doetschman et al., 1985) was used (20 lL/drops, 4 · 10 4 cells/mL). The basic differentiation medium consisted of high glucose Dulbecco-modified Eagle medium (DMEM), supplemented with penicillin (50 U/mL), streptomycin (50 lg/mL), Na-pyruvate (0.11% w/v), 0.1 mM 2-mercaptoethanol, nonessential amino acids (NEAA; 100 · ), FBS; 10% v/v; Hyclone, Logan, UT, USA; Waltham; Thermo Fisher Scientific Inc., Wilmington, DE, USA; http://www .hyclone.com). After 2 days of culture (day 2) in hanging drops, the formed EBs were collected and put into suspension culture in 10-cm bacterial Petri dish (Greiner Bio-One GmbH), where the medium was changed daily. Neural differentiation was induced supplementing the media with 10 -6 M all-trans retinoic acid (RA) from day 4 until day 8.
After day 8 the EBs were transferred to gelatine-coated 24-well dishes individually, and cultured further in basic media containing no RA. In case of cardiac muscle differentiation Kobolak et al., 2010. 58 KOBOLAK ET AL.
the media was supplemented with 1% dimethyl sulfoxide (DMSO) on day 2 for 2 days; thereafter, the EBs were cultured in suspension in basic media. On day 10 the EBs were plated individually into gelatinized 24-well plates (Greiner Bio-One GmbH), and cultured for further analysis. The length of beating periods were compared based on their frequency distribution.
Reverse transcription-PCR (RT-PCR)
Total RNA was isolated from the EB lysates using RNeasy Mini kit (Qiagen, Dü sseldorf, Germany; http://www .qiagen.com) with an on-column DNase digestion step, following the manufacturer's procedures. The total RNA concentration and the quality of all samples were evaluated using NanoDrop (Thermo Fisher Scientific Inc.; http:// www.nanodrop.com). One microgram total RNA from each EB samples was reverse transcribed with MMLV Reverse Transcriptase and oligodT primers, using the manufacturer's protocol. RT-PCR was performed in a Perkin-Elmer 9600 thermocycler (Applied Biosystems Inc., Foster City, CA, USA; www.appliedbiosystems.com). The reaction mixture consisted of JumpStartÔ REDTaqÔ ReadyMixÔ (Sigma), 100 mM of each primer (see details in Supplementary Table  S2) , and 5 lL cDNA in a final volume of 50 lL. The reaction conditions were template denaturation and polymerase activation at 95°C for 2 min followed by 26-34 cycles of 95°C denaturation for 30 sec, 60°C annealing and extension for 45 sec at each cycle. For final extension, one cycle at 72°C for 10 min was applied. The cycle number of the amplification process was determined experimentally to produce the most sensitive results. For control, the Hprt1 was used. The PCR products were visualized on 1.5% agarose gel electrophoresis.
Statistical analysis
The chi-square test was used to compare the data obtained from the experiments. Values of p < 0.05 were considered statistically significant. Immunoassay results were confirmed in at least three independent experiments.
All results of the FACS analysis, the colony-forming assay, and growth efficiency experiments were analyzed by oneway analysis of variance (ANOVA). A level of p < 0.05 was considered statistically significant.
Results
Description of the cell lines analyzed
In the current study, we compared mouse ntESCs of different donor cell origins from two genetic backgrounds (126SV and B6D2) with their genotype control ESCs (derived from fertilized embryos) and a parthenogenetic ESC line (as a recipient oocyte control), which were established in our laboratory earlier (Kobolak et al., 2010) . Furthermore, two NT methods [zona-free (ZF) and piezoelectric microinjection (PEM) technology] (Kobolak et al., 2010) were also compared by using the same nuclear donor cell type, that is, cumulus cells, to establish ntESCs and compare their performance in in vitro studies. Therefore, these cell lines are referred to as NT ZF and NT PEM to describe the technique used in their production, or MEF NT or CUM NT accordingly, to describe their donor cell background, herein. Details of NT, ntESC establishment, and primary characterization of the established cell lines were published recently (Kobolak et al., 2010) and summarized in Table 1 .
Comparison of the pluripotency of ntESCs and control ESCs
In order to compare the stem cell characteristics of ntESCs and their control ESC counterparts (Table 1) , common pluripotency markers were analyzed. An analysis of ALP, using an ALP enzymatic assay, was performed for all ntESCs and their control ESCs, which revealed all cell lines were positive for ALP activity (Fig. 1) . In addition, the cell lines were characterized in vitro, by immunocytochemistry (ICC), using conventional pluripotency markers such as SSEA-1, POU5F1 (Nichols et al., 1998; Pesce et al., 1999) , NANOG (Mitsui et al., 2003) , SOX2 (Avilion et al., 2003) , and a regulatory factor of early embryonic differentiation, FGF4 (Ambrosetti et al., 1997; Avilion et al., 2003) . Representative ICC images, justifying the expression of these proteins of pluripotency markers in the cell populations examined, are shown in Supplementary Figure S1 . Furthermore, the HM1 and B6D2 control cell lines have been tested independently from the CELLULAR CHARACTERIZATION OF ntESCscurrent work, in tetraploid chimera experiments, in our own laboratory. These lines were able to support germline transmission (unpublished data), indicating that these are indeed true pluripotent ESC lines. In summary, the ICC results demonstrated that all cell lines have similar pluripotency characteristics.
Furthermore, flow cytometry [fluorescence-activated cell sorting (FACS)] was used to measure the percentage of cells that express the same set of markers as used in the ICC experiments. By comparing the cell lines, HM1 and HM1 NT did not differ in any of the examined markers. Furthermore, the B6D2 ESC line (the genotype control) did not differ significantly from HM1, or from HM1 NT, with the exception of SOX2 (Table 2A) . The B6D2 PGA cell line showed the most significant differences from both the controls and from the same genotype (B6D2) counterparts.
The percentage of POU5F1-positive cells varied from 64% ( -3.1) to 75% ( -4.6) in the studied cell lines. Significant differences ( p < 0.05) were observed between the HM1 (129/ Ola genotype) and B6D2 genotype ntESCs: B6D2 MEF NT (66% -2.9), B6D2 CUM NT (67% -6.8) and B6D2 CUM NT (PEM) (64% -3.1, Table 2A ).
An evaluation of SSEA-1 expression revealed that the highest percentage of positive cells were detected in the B6D2 MEF NT (71% -5.3) cell line, which did not significantly differ from the HM1 cell line (68% -5.9, Table 2A ). The B6D2 CUM NT (PEM) (58% -3.6) and the parthenogenetic cell line, B6D2 PGA (47% -7.5), had significantly ( p < 0.05) lower expression.
NANOG expression in the cell lines was compared to the HM1 control. The B6D2 CUM NT showed higher NANOG expression levels (73% -2.1), whereas the B6D2 CUM NT (PEM) and the B6D2 PGA ntESCs had lower expression levels (57% -4.3 and 41% -6.8, respectively; Table 2A ). Furthermore, both CUM ntESCs were significantly different from the B6D2 MEF NT cell line (Table 2A) .
Generally, FGF4 expression was low, when compared to all the other examined proteins in this study (Table 2A) . The three B6D2 ntESC lines expressed significantly higher FGF4 levels ( p < 0.05), compared to the HM1 control or HM1 ntESC line (Table 2A) . However, only B6D2 MEF NT (67% -5.3) differed significantly from the B6D2 control (52% -6.1).
A larger variation in the level of SOX2 expression was observed among the cell lines. Although the HM1 NT cell line exhibited the highest positive cell number (87% -2.6), a significant ( p > 0.05) reduction of SOX2 expression was observed for the B6D2 (65% -7.1) and the B6D2 PGA (72% -4.0) cell lines (Table 2A) . Furthermore, B6D2 was significantly different ( p > 0.05) from all B6D2 ntESCs (Table 2A) .
Loss of POU5F1 expression correlates with a loss of pluripotency (Pesce and Scholer, 2001 ); therefore, double and Table 2A . FACS Analysis of ntESCs: Single Staining
The data are presented as the mean -SD of three independent samples; significant differences (ANOVA) are labeled with uppercase letters as follows: a data were significantly different from the mean value of HM1; b data were significantly different from the mean value of HM1 NT; c data were significantly different from the mean value of B6D2; d data were significantly different from the value of B6D2 MEF NT; e data were significantly different from the value of B6D2 CUM NT; f data were significantly different from the value of B6D2 CUM NT (PEM). 
The data are presented as the mean -SD of three independent samples; significant differences (ANOVA) are labeled with uppercase letters as follows: a data were significantly different from the mean value of HM1; 
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triple immunolabeling with other pluripotency markers was performed. We examined whether the POU5F1-positive cells were also positive for other pluripotency markers, such as SSEA-1, NANOG, SOX2, and the early embryonic differentiation factor, FGF4. In these experiments the POU5F1-positive cells were considered as 100% and the ratio of cell population expressing both markers were calculated as the percentage of POU5F1 positives (Table 2B) . The POU5F1/SSEA-1 double labeling indicated the B6D2 PGA cell line had a significantly ( p < 0.05) lower percentage of double positive cells (61% -6.1) compared to the HM1 (82% -5.1). Furthermore, this cell line differed significantly with the other cell lines as well. The two CUM NT ESCs (74% -3.2 and 77% -4.8, respectively; Table 2B ) showed a significant difference from the B6D2 MEF NT cell line (87% -3.6). However, the double labeling of POU5F1/ NANOG revealed that only the pESC (B6D2 PGA) line contained a significantly lower percentage of double-positive cells (55% -4.6) compared to the other cell lines. When POU5F1/FGF4 double-positive cells were measured and compared, the two genotypes showed a difference. The two CUM NT cell lines and the pESC were significantly ( p < 0.05) different from the HM1 cell line. Furthermore, the B6D2 genotype cell lines were significantly different ( p < 0.05) from the HM1 NT cell line (Table 2B ). In the case of POU5F1/ SOX2 double labelling none of the cell lines showed a significant difference compared to the controls (HM1 or B6D2) or each other (Table 2B ).
In addition, two different combinations of triple labeling (i.e., POU5F1/SSEA-1/NANOG and POU5F1/FGF4/ SOX2) were also performed and expression in ntESCs and control ESCs was compared (Table 2B ). In the POU5F1/ SSEA-1/NANOG triple-positive cell staining the lowest percentage of triple positive cells were found for the HM1 NT (64% -3.0) and the B6D2 PGA (49% -5.8) cell lines, compared to the HM1 (73% -6.1). However, when comparing the POU5F1/FGF4/SOX2 triple-positive subpopulations, both CUM NT ESCs and the pESC line showed significantly higher ( p < 0.05) percentages compared to the HM1 control (Table 2B) . Furthermore, all B6D2 genotype cell lines were significantly different from the HM1 ntESC. In summary, the FACS analysis revealed significant variations among the cell lines, mainly due to differences in genetic background.
Growth efficiency
The ability to grow and multiply rapidly is another important feature of ESCs. To measure the growth efficiency a plating efficiency assay was performed. In general, the CFU varied from 4.4-9.8% (Table 3 ). The B6D2 ESCs had the highest CFU (9.8% -1.14), which was significantly higher ( p < 0.05) than the other cell lines, with the exception of the two cumulus cell-derived ntESCs (B6D2 CUM NT 7.1 -1.3 and B6D2 CUM NT (PEM) 7.2 -1.87). Although all other cell lines had a lower CFU compared to the HM1 line, only B6D2 PGA differed significantly (4.4 -2.06; Table 3 ).
Additionally, we assessed the growth efficiency of the cell lines by calculating the PDT. Cell lines showed very similar growth curves and rates, with the doubling times ranging from 12.07 ( -0.41) h (B6D2) to 14.36 ( -1.03) h (B6D2 PGA). Of interest, the PDT of the two genotype controls did not differ significantly, with the doubling time of the B6D2 found to be shorter than that of the HM1 (12.07 ( -0.41) and 12.76 ( -0.29), respectively. The PDT of the ntESCs was very similar to each other. Here, the B6D2 MEF NT, the B6D2 CUM NT, and the B6D2 PGA were different from their genotype control (Table 3 and Fig. 2 ).
Karyotype analysis
Cells were karyotyped by using FISH analysis and euploidy of each cell line was calculated (Table 4 ). The karyotype analysis revealed that the parthenogenetic and cumulus cell-derived ntESCs were female, whereas all other ESC lines were male. A lower level of euploidy (44%) was found for the B6D2 PGA ESC compared to all other examined cell lines showing an euploidy ratio of 50% or higher. The cell lines with the highest values were B6D2, HM1 NT, and B6D2 CUM NT (PEM) (76, 73, and 72%, respectively). The FISH analysis identified frequently noneuploid cells containing 39 or 41 chromosomes instead of 40 (Table 4) . Either the Y chromosome or one of the X chromosomes were often lost and the karyogram revealed an XO genotype. In some cases, when 41 chromosomes were found, a translocation or deletion was detected on chromosome X. However, no chromosome specific deletions, translocations, or fusions were observed in the ntESCs lines, which might potentially be linked to the nuclear transfer process. The data are presented as the mean -SD of three independent experiments with four parallel replicates; significant differences (ANOVA) are labeled with uppercase letters as follows: a data were significantly different from the mean value of HM1, b data were significantly different from the mean value of B6D2.
1 Data werer significantly different from all other values; genotype controls are bolded.
In vitro differentiation
To compare the developmental potential of the ntESCs and control ESCs, an in vitro assay, determining the spontaneous differentiations of the cell lines was performed by leukemia inhibitory factor (LIF) withdrawal. The experiments identified the derivatives of all three germ layers within differentiated EBs with interclass correlation (ICC) (Kobolak et al., 2010) . Further detailed examination of the cardiac and neural differentiation in correlation to the expression levels of differentiation-specific genes and proteins were performed.
Cardiac lineage
The analysis of the appearance of beating areas following plating revealed no significant differences between ntESC lines and the control HM1 ESC, neither in the appearance of the first beating cell clusters, nor in the number of beating EBs (Table 5 ). The first day of beating has occurred between day 5 and 7, and on the last day of the experiment (day 30) still few beating cell-clusters existed in most cell lines. Additionally, the frequency distribution of the beating period was determined occurring in highest frequent beating periods between day 13 to 17. The shortest (9 days long) beating period showed the B6D2 PGA cells (Table 5) .
Gene expression was performed for cardiac differentiation marker genes (Gata4, Nkx2-5, Mef2c, Myl2, and Nppa). Samples were compared on days 5, 10, 15, 20, 25, and 30. No differences were observed in the expression patterns of the examined genes at any time point during the experiment. All cell lines expressed the chosen markers with the same dynamics during the monitored differentiation period (e.g., Nkx2.5) (Fig. 3A) .
At day 10, 20 and 30, samples were analyzed by immunocytochemistry to detect the presence of GATA-4, alphacardiac actin (ACTC1), Troponin T (TNNT2), and Connexin 43 (GJA1), which are representative markers of late phase cardiac differentiation (see details in Fig. 3C ). All cell lines were found to be positive for all the selected antibodies. The amount of positive EB cells differed within and among the cell lines. Therefore, no major differences were observed between the studied cell lines. On average, MEF-NT and PGA cell lines had the lowest attachment scores among the cell lines when plated on gelatinized dishes. In the PGA cell line, smaller areas were pulsing, and smaller clusters of cells gave positive signals with troponin-T or alfa-cardiac actin.
Neural differentiation
A classic neural differentiation approach, by using the 4 -/4 + RA induction, was used on the ntESCs to study their capability to form neural cells. The experiment lasted 25 days and samples were collected at days 10, 15, 20, and 25 for RT-PCR and immunostaining.
FIG. 2.
Comparison of the growth efficiencies of ntESCs and control ESCs. Population doubling times (PDT) were calculated after trypsinization and hemocytometer counting performed every 12 h over a 72-h culture period by using the online software of Doubling Time-Several Time Points calculator. Exponential curves were adapted to the data of both control (HM1 and B6D2) and the PGA ESC line to make visible the tendency of growth efficiencies. All the examined neural markers (Pax6, Ncam1, Gfap, Nes, and Gbx) were expressed in each cell line. Alterations in the timing of expression were not found (e.g., Pax6) (Fig. 3B) . By ICC, the examined markers (NCAM, GFAP, NESTIN, FORSE-1, and NFL) were detected in the differentiating EBs from all cell lines. To monitor the appearance of neural precursor cells an ICC against FORSE-1 was performed. Small cell populations, positive for FORSE-1, were detected in all cell lines at day 10; however, no positive cells were observed past this time point in any cell line. Representative ICC of the HM1 NT ESC is depicted in Figure 3C .
Discussion
Despite the potential of ESC use for tissue repair, these cells, if transplanted, would likely induce immunorejection upon their differentiation or neoplastic transformation. Nuclear transfer can overcome part of this difficulty by providing a donor-specific histocompatible cell source for cell therapy purposes. However, little is known about the biological performance of ntESC lines. For the generation of previous datasets, only a few cell types of nuclear donor cells from either the B6D2 or 129B6 genetic backgrounds have been used (Brambrink et al., 2006; Wakayama et al., 2006) . Reproductive cloning and/or tetraploid embryo complementation (Brambrink et al., 2006; Wakayama et al., 2006) has been performed to investigate the ultimate differentiation capacity of the ntESCs. These assays were able to only demonstrate major defects and minor differences between the cell lines due to donor cell source or NT technique have not yet been studied.
Recently, we have successfully established ntESCs derived from different nuclear donor cell types using either ZF or PEM technology (Kobolak et al., 2010) . In this study the efficiency of ntESC derivation was not related to the NT method used. Furthermore, we demonstrated that the ZF NT technique resulted in cell lines with the same potential as ntESCs produced from PEM.
The major reason for undertaking the current study was to define the differences between ntESCs and control ESC lines on cellular and molecular level and gain further insight into the functional distinction between these cell lines. Our study focused on the transcriptional expression and in vitro differentiation potential of our previously established ntESC lines.
The accuracy and time-specific expression of the pluripotent transcriptional regulatory system is fundamental for the maintenance of ESC cell renewal and for their differentiation potential. To date, three transcription factors are known to play a critical role in the maintenance of ESC pluripotency: Pou5f1, Nanog, and Sox2. These factors comprise one characterized essential circuit for maintaining ESC pluripotency. It is generally considered that POU5F1 regulates Sox2, and additionally, the POU5F1-SOX2 protein complex activates Pou5f1 expression (Okumura-Nakanishi et al., 2005) . Together with NANOG (Mitsui et al., 2003) these factors play an essential role in early development and are required for the propagation of undifferentiated ESCs in culture (Niwa et al., 2000) . However, a number of other important factors (such as Tdgf1, Dnmt3b, Gabrb3, Gdf3, Utf1, and Zfp42) are expressed in undifferentiated ESC cells, and have been widely studied, although their role in maintaining pluripotency and self-renewal is more ambiguous (Ivanova et al., 2002; Ramalho-Santos et al., 2002; Tanaka et al., 2002) .
In our initial analyses, the most important in vitro pluripotency markers (POU5F1, NANOG, SSEA-1, SOX2, and ALP) and a regulator factor of early embryonic differentiation, FGF4 were analyzed at cellular level by use of immunocytochemistry and flow cytometry. In our ICC experiments, no major differences were observed among the control and ntESCs. However, B6D2 ntESCs, originating from both cumulus and MEF cells, and some cases the B6D2 control showed significant differences compared to the HM1 control in the flow cytometry experiments. Furthermore, the B6D2 ntESCs, independent from their nuclear cell origin, differed significantly from HM1 NT in several comparisons. These results indicate that the observed alterations may be more correlated with the genetic background of the ntESC than the type of the nuclear donor cell used.
The only exception found was the HM1 ESC-derived ntESC line, where a strong correlation was observed between the parental HM1 ESC and its NT derivative: no significant differences were detected in any of the examined pluripotency markers-eeither by single or multiple staining-at the protein level. This observation might indicate that ESCs could be reprogrammed more efficiently than somatic cells (Azuara et al., 2006) .
A comparison of the two NT methods, using cumulus nuclear donor origin cell lines, revealed very similar results in flow cytometry and ICC experiment that might indicate a smaller distance between the two cell lines [B6D2 CUM NT and B6D2 CUM NT (PEM)] than the same genotype ESC lines (HM1 vs. HM1 NT) (Tong et al., 2007) . Immunocytochemistry performed using a single antibody may only partially validate cell pluripotency and could therefore lead to limited conclusions (Zangrossi et al., 2007) . We expected that the ratios of double-or triple-positive cells (expressing two or three pluripotency markers) could characterize the pluripotency of a cell population more precisely. In our experiments, the double and triple staining revealed very similar tendencies among the cell lines, and also supported the results found from the single antibody labeling. The results were in accordance with previous observations of ntESCs. In a previous study, following analyzing of SSEA-1, SSEA-4, and PDGFR-a by cell sorting, only SSEA-1 was produced by all ntESCs examined . However, we examined other pluripotency markers, namely, POU5F1, NANOG, SOX2, and a regulator factor FGF4 in the ntESCs by flow cytometry. It should be noted, however, that these markers have also been measured in fertilized embryoderived ESCs produced from different genotypes. The abovementioned differences in the protein expression of ESCs might be in correlation with their in vivo developmental competence, the germline transmission, which known to be strongly influenced by the genetic background (Carstea et al., 2009) .
ESCs have the potential to give rise to multiple cell lineages. ESCs also exhibit a very unusual cell cycle pattern, characterized by a short G1 phase and longer S-phase. This unique cell cycle pattern and the mechanisms underlying cell cycle control indicates that cell cycle machinery plays an important role in the maintenance of the stem cell state. For the first time, we describe the colony-forming capabilities and growth rates of ntESCs. The colony-forming assay revealed a significant difference between ntESCs and their fertilized embryo-derived counterparts in B6D2 genotype; however, both 129SV cell lines (HM1 and HM1 NT) also differed from the B6D2 ESC. Furthermore, the PDT of the cell lines significantly differed between the two genotypes 129/ Ola (HM1 and HM1 NT) and B6D2. No difference was observed among the ntESCs, suggesting that their self-renewal capacity could be a sign of cell pluripotency.
FIG. 3.
In vitro differentiation of ntESCs. Gene expression of (A) Nkx2.5 (cardiac lineage) and B) Pax6 (neural lineage) of in vitro differentiated ESCs with RT-PCR. no RT: pooled samples of a cell line, without reverse transcriptase. (C) Representative immunocytochemistry of HM1 ntESC during neural and cardiac differentiation. Images were taken at day 20 of differentiation, except for GATA-4 and FORSE-1 immunocytochemistry, which was performed on day 10 (nuclear staining), and Cx43 on day 15. Neural markers: NCAM, GFAP, NESTIN, FORSE-1, and NFL; Cardiac markers: GATA-4, Troponin T, aactinin, Cx43. Scale bar represents 50 lm.
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Karyotype analyses of the ESCs allowed us to assess the gender of the cell lines and observe whether these lines contained any chromosome aberrations. From FISH analysis we could identify chromosome abnormalities in most of the cell lines. However, the specific chromosomal defects were not correlated with either the nuclear donor or the NT technique used. Further analysis and comparison of the euploidy ratios of these ESCs confirmed the observations of FISH results. Based on the literature, ESCs with more than 50% euploidy can contribute to in vivo development and colonize the germline successfully (Longo et al., 1997) , thus karyotype results of the ntESCs, are in accordance with the published data on fertilized embryo-derived ESCs (Nagy, 2003; Suzuki et al., 1997) .
The ESC lines were differentiated in vitro either spontaneously or by directed differentiation into cardiac and neural cell lineages. The spontaneous differentiation study revealed that the ntESC lines could form all three germ layers, thus proving their pluripotency. The directed in vitro differentiation studies revealed no major differences among the ntESC lines, which were analyzed by RT-PCR and immunostaining. In regard to the lower differentiation capacity observed in the parthenogenetic ESCs, it has been demonstrated earlier that their differentiation capacity into the mesodermal lineage is restricted (McKarney et al., 1997; Morali et al., 2000) . Previous in vitro differentiation studies (Munsie et al., 2000) on ntESC support our findings concerning lack of differences observed in either neural or cardiac differentiation.
In conclusion, pluripotency marker analysis at the protein level revealed significant differences among the analysed ntESCs and their control counterparts, although, the observed differences had no effect on their in vitro cardiac and neural lineage differentiation potential. The observed differences should be examined further at the molecular level to conclude whether relevant differences among NT and control embryo-derived ESCs exists.
